
























Bauxite	 residue	 is	 a	 high	 volume	 by‐product	 of	 alumina	manufacture	which	 is	25 
commonly	disposed	of	in	purpose‐built	bauxite	residue	disposal	areas	(BRDAs).	Natural	26 
waters	interacting	with	bauxite	residue	are	characteristically	highly	alkaline,	and	have	27 
elevated	 concentrations	 of	 Na,	 Al,	 and	 other	 trace	metals.	 Rehabilitation	 of	 BRDAs	 is	28 
















process	 bauxite	 ore	 is	 digested	 with	 NaOH	 at	 high	 temperature	 and	 pressure	 which	45 
results	in	recrystallization	of	iron	oxides	present.	Silica	is	a	common	impurity,	which	is	46 
removed	 from	 solution	 by	 precipitation	 of	 a	 range	 of	 characteristic	 Na‐	 and	 Ca‐47 
aluminosillicate	 phases	 (e.g.	 sodalite	 and	 cancrinite).2,3	 These	 “desilication	 products”	48 
reside	predominantly	 in	 the	 fine	 fraction.	Residual	 aluminium	(oxy)hydroxide	phases,	49 
quartz,	zircon	and	titanium	oxides	(e.g.	rutile	and	perovskite)	also	occur	in	the	residues.2,3	50 





sodium	 in	 the	 long	 term.8–10	 Trace	 elements	 in	 bauxite,	 such	 as	 V	 and	 As,	 become	56 
concentrated	in	the	residue,	and	are	often	hosted	in	surface	complexes	and	secondary	57 
phases.10–14	 This	 can	 be	 environmentally	 problematic	 as	 Al,	 V,	 and	 As	 form	 aqueous	58 
oxyanions	in	alkaline	conditions	which	sorb	poorly	to	sediments	15,16.	59 
Na଺ሺAl଺Si଺Oଶସሻ. 2NaOH ൅ 24HଶO ↔ 8Naା ൅ 8OHି ൅ 6AlሺOHሻଷ ൅ 6HସSiOସ		 	 	 (Eqn.	1)	60 
Na଺ሺAl଺Si଺Oଶସሻ. 2CaCOଷ ൅ 26HଶO ↔ 6Naା ൅ 2Caାଶ ൅ 8OHି ൅ 2HCOଷି ൅ 6AlሺOHሻଷ ൅ 6HସSiOସ	(Eqn.	2)	61 





buffer	 the	pH	 to	7.5‐8.5.17,21	 Previous	work	has	 shown	 that	 gypsum	addition	 can	 also	67 
decrease	the	mobility	of	trace	metals	and	Al	in	bauxite	residue	effected	soils.17,21.	Other	68 
approaches	 to	decrease	bauxite	residue	salinity	and	alkalinity,	 such	as	 treatment	with	69 




of‐use	 practice	 is	 to	 cap	 BRDAs	 with	 an	 impermeable	 layer,	 cover	 with	 topsoil,	 and	74 
revegetate.	 The	 costs	 “cap	 and	 cover”	 approaches	 are	 high	 (e.g.	 100k	 €/ha	 has	 been	75 
estimated	for	the	BRDA	in	this	study).	However	abandoning	BRDAs	without	surface	cover	76 
may	lead	to	problems	with	long	term	water	infiltration	and	dust	formation.		77 
Over	 the	 last	15	years	Courtney	and	others	have	examined	 the	effect	of	 coarse	78 
fraction	bauxite	residue	(process	sand),	gypsum,	and	organic	matter	on	the	revegetation	79 
of	bauxite	residue	at	Aughinish	Alumina	Refinery	BRDA,	Ireland.26–36	These	studies	have	80 
assessed	 site	 rehabilitation	 by	 investigating	 macro‐	 and	 microbiology,	 nutrient	81 





treatment	 to	 bauxite	 residue.	 Here	 we	 report	 the	 chemical	 and	 mineralogical	 data	87 
sampled	from	depth	profiles	of	bauxite	residue	nearly	two	decades	after	initial	treatment,	88 





this	 site	 bauxite	 residue	 was	 deposited	 into	 a	 3m	 deep	 disposal	 cell	 in	 1995,	 and	94 






Trifolium	 pratense;	 100	 kg/ha).31	 The	 partially	 treated	 plot	 was	 amended	 only	 with	101 
















Further	10	g	 field	moist	 subsamples	were	also	dried	at	105	 °C	 for	24	hours	 to	118 
determine	residue	water	 content	 and	 for	 subsequent	analysis	by	X‐ray	 ray	diffraction	119 
(XRD;	Bruker	D8	Advance	diffractometer,	12	min.	scans,	2	to	70°	2θ),	X‐ray	fluorescence	120 
(XRF,	Olympus	Innovex	X‐5000	XRF	analyser)	and	total	carbon	analysis	(TC;	LECO	SC‐121 













Separate	 samples	 of	 bauxite	 residue	were	 collected	 from	 beneath	 the	 exposed	135 
vertical	surface	of	each	trial	pit	using	a	clean	spatula,	and	sealed	in	sterile	polypropylene	136 
centrifuge	tubes.	These	samples	for	DNA	analysis	were	refrigerated	within	4	hours	and	137 




Research,	 University	 of	 Liverpool,	 where	 Illumina	 TruSeq	 adapters	 and	 indices	 were	142 
attached	to	DNA	fragments	 in	a	two‐step	PCR	amplification	that	targets	 the	V4	hyper‐143 
variable	 region	 of	 the	 16s	 rRNA	 gene,40	 and	 the	 result	 was	 sequenced	 on	 the	 MiSeq	144 
platform.	 Reads	 were	 processed	 using	 the	 UPARSE	 pipeline41	 within	 the	 USEARCH	145 
software	 package	 (version	 10,	 SI	 Section	 S3).42	 Sequence	 reads	 were	 allocated	 to	146 
operationally	 taxonomic	units	 (OTUs)	based	on	a	minimum	sequence	 identity	of	97%	147 
between	 the	 putative	 OTU	members,	 and	 then	 classified	 using	 the	 SILVA	 Living	 Tree	148 
Project	16s	database,	version	123.43		149 
Difference	in	average	element	concentration	between	plot	treatments	(untreated,	150 
fully	 treated,	 and	 partially	 treated)	was	 tested	 by	 ANCOVA	 (Analysis	 of	 Co‐Variance)	151 
using	a	general	 linear	model	 to	assess	difference	 in	average	concentrations	across	the	152 
treatments,	with	depth	of	sample	as	a	co‐variate.	Pairwise	comparisons	were	tested	by	153 
post‐hoc	 Tukey	 test	 using	 a	 significance	 level	 of	 p	 =	 0.05.	 Statistical	 significance	was	154 

























of	 Na	 that	 could	 be	 extracted	 from	 the	 fully	 treated	 and	 partially	 treated	 samples	180 
demonstrated	no	trend	with	depth	and	were	not	significantly	different	from	each	other	181 
(p	 >	 0.05;	 Table	 S3).	 Fully	 and	 partially	 treated	 residue	 contained	 concentrations	182 
approximately	10‐15	%	of	those	extracted	from	the	untreated	residue	at	the	same	depth	183 
(p	<	0.001;	Fig.	1;	Table	S2‐3).	The	concentration	of	silicon	available	to	aqueous	extraction	184 














kg‐1	 at	 50	 cm	 (Fig	 2.	 Table	 S2).	 Conversely,	 Al	 concentrations	 available	 in	 fully	 and	199 
partially	treated	samples	were	significantly	different	(p	<	0.001,	Table	S3)	and	near	the	200 








and	 partially	 treated	 residue	 (p	 >	 0.05;	 Fig	 2;	 Table	 S2‐3).	 Aqueous	 available	 arsenic	209 
concentrations	from	untreated	bauxite	residue	were	highest	at	the	surface	(0.3	mg	kg‐1)	210 
and	 decrease	 with	 depth	 to	 0.9	 mg	 kg‐1	 at	 50	 cm	 depth	 (Fig	 2.	 Table	 S2).	 With	 the	211 
exception	of	one	sample,	all	measurements	of	aqueous	extractable	As	from	fully	treated	212 
and	 partially	 treated	 bauxite	 residue	were	 below	detection	 limit	 (0.045	mg	 kg‐1)	 and	213 
significantly	 different	 from	 the	 untreated	 residue	 (p	 <	 0.001;	 Fig	 2;	 Table	 S2‐3).	214 
Extraction	 at	 high	 pH	 using	 disodium	 phosphate	 demonstrated	 substantial	215 
concentrations	of	Al,	V,	and	As	were	available	in	all	bauxite	residue	treatments.	Phosphate	216 
extractable	Al	concentrations	from	all	treatments	are	generally	all	25‐50	mg	kg‐1	at	all	217 
depths	 (no	 significant	 differences	 between	 treatments;	 p	 >	 0.05;	 Table	 S2‐3).	 V	218 
concentrations	from	the	phosphate	extraction	of	untreated	bauxite	residue	range	from	219 
30‐75	mg	kg‐1	at	the	surface	to	30	mg	kg‐1	at	50	cm	depth	(Fig	2.	Table	S2).	Phosphate	220 







S2).	 Phosphate	 extractable	 As	 from	 fully	 treated	 and	 partially	 treated	 residue	 were	228 










The	bulk	mineralogy	of	bauxite	 residue	 from	all	plots	were	 largely	 similar	and	239 
consist	 of	 40‐45%	 iron	 oxy‐hydroxides,	 20‐30%	 aluminium	 oxy‐hydroxides,	 20‐30%	240 
titanium	oxides,	and	10‐15%	feldspathoids	(Table	1,	Table	S4).	At	the	untreated	bauxite	241 








fully	 treated	 profile	 (Fig.	 3),	where	 TOC	was	 approximately	 2.5%	 and	 TIC	was	 1.5%.	250 












Sufficient	bacterial	DNA	was	recovered	 from	the	 fully	 treated	substrate	(2	cm),	263 
and	 partially	 treated	 substrate	 (2	 and	 5	 cm)	 for	 Next	 Generation	 Sequencing	 (DNA	264 
recovery	 from	 the	 untreated	 substrate	 was	 insufficient).	 Nine	 phyla	 individually	265 
represented	more	the	1%	of	 the	population	of	each	sample	(Fig.	S2,	Table	S7).	At	 this	266 
taxonomic	 level,	 there	was	 little	difference	between	bacterial	communities	of	 the	 fully	267 
treated	 and	 partially	 treated	 substrate,	 with	 the	 most	 abundant	 phyla	 being	268 
Acidobacteria	 (37	 %	 of	 reads),	 Actinobacteria	 (19	 %),	 Proteobacteria	 (18	 %),	 and	269 
Planctomycetes	(14	%).	The	most	abundant	class	within	the	Acidobacteria	phylum	was	270 
Acidobacteria	 Gp6	 (48	 %	 of	 Acidobacteria).	 Actinomycetales	 (74	 %)	 was	 the	 most	271 
abundant	order	within	the	Actinobacteria	phylum.	Alphaproteobacteria	(67	%)	was	the	272 















also	 can	 contain	 trace	 metals	 above	 threshold	 intervention	 levels.	 10,12,26,27,48–52	 The	288 










the	primary	desilication	product	present	 (Table	 S4).	At	 the	 surface,	CO2	 in‐gassing,	 in	299 
combination	with	cancrinite	dissolution,	and	associated	amorphous	Fe,	Al,	and	Si	phase	300 







Al,	 (Eqn.	 2)	 but	 the	 measured	 concentrations	 are	 far	 from	 stoichiometric	 (Fig.	 S3).	308 
Aqueous	extractable	Na	 concentrations	 from	untreated	 samples	 are	100	 to	400	 times	309 
higher	 in	 concentration	 than	extractable	 Si	 and	10	 to	150	 times	 the	Al	 concentration,	310 
indicating	a	preferential	retention	of	Si	and	Al	in	the	solid	phase.		311 
This	preferential	retention	of	Al	and	Si	in	the	solid	phase	is	probably	controlled	by	312 
the	 precipitation	 of	 amorphous	 and	 crystalline	 secondary	 phases.	 At	 the	 highest	 pH	313 
measured,	Al	concentrations	are	close	 to	equilibrium	with	gibbsite	 (Al(OH)3)	 (Fig	S2).	314 
The	measured	Al	concentrations	decrease	as	the	pH	decreases	from	12	to	10,	but	exceeds	315 
concentrations	 in	equilibrium	with	gibbsite.	Over	 this	pH	range,	Si	 concentrations	are	316 
much	 lower	 than	 those	 expected	 for	 SiO2(am)	 equilibrium,	 suggesting	 an	 alternative	317 




because	 it	 may	 be	 associated	 with	 increased	 mobility	 of	 potentially	 toxic	 metal(oid)	322 
oxyanions	 such	 as	Al,	 V,	 and	As.	Both	V	 and	As	 are	 reported	 to	 be	present	 in	bauxite	323 
residues	primarily	in	the	5+	oxidation	state	as	vanadate	and	arsenate	species	10,12,	and	324 
are	 found	 as	 surface	 adsorbed	 species	 (V	 can	 also	 be	 associated	 with	 neoformed	325 
hydrogarnet	phases	such	as	Katoite).12	Conversely,	Al	availability	is	usually	controlled	by	326 
the	solubility	of	Al	(oxy)hydroxide	phases,	which	typically	have	much	higher	solubility	at	327 
high	 pH	 (see	 discussion	 above).55	 In	 alkaline	 phosphate	 extractions	 both	 OH‐	 and	328 
phosphate	ions	compete	strongly	for	available	sorption	sites	and	promote	the	mobility	of	329 
metal	oxyanions.14,20	The	results	of	these	extractions,	therefore,	demonstrate	that	there	330 




In	 summary,	 the	 bauxite	 residue	 from	 the	 untreated	 plot	 retains	many	 of	 the	335 
characteristics	of	the	fresh	bauxite	residue	20	years	after	deposition:	high	pH,	a	sizeable	336 
quantity	of	desilication	products	(particularly	cancrinite),	abundant	available	Na,	high	Al,	337 







30	 cm	 below	 the	 actively	 treated	 surface	 layer	 (Fig.	 1;	 Table	 S2).	 Aqueous	 sodium	345 
concentrations	were	an	order	of	magnitude	lower	in	the	treated	plots	than	untreated	plot	346 
at	all	depths	(Fig.	1;	Table	S2),	and	the	availability	of	aluminium,	vanadium,	and	arsenic	347 
were	 all	 lower	 in	 treated	 than	 untreated	 bauxite	 residue	 (Fig.	 2;	 Table	 S2).	 These	348 
observations	demonstrate	that	positive	treatment	effects	observed	in	the	short	term	are	349 
sustained,	 such	 as:	 improved	 permeability,	 particle	 aggregation,	 and	 drainage;	 pH	350 
neutralisation;	decreased	Na,	Al,	and	Fe	availability.	28,29	In	natural	soils,	organic	matter	351 




to	 the	 local	 environment.	 Other	 studies	 have	 reported	 significant	 reduction	 in	 pH	356 
following	 organic	 matter	 application	 to	 bauxite	 residue.28,29,65,66	 Gypsum	 application	357 
enhances	pH	neutralisation	by	CO2	in‐gassing	via	the	precipitation	of	CaCO3.20,21	The	net	358 
reaction	for	this	mechanism	is:	359 
CaSOସ. 2HଶO ൅ 2OHି ൅ COଶ ⇌ CaCOଷ ൅ SOସଶି ൅ 3HଶO	 	 	 	 (Eqn.	3)	360 
Increased	CO2	in‐gassing	and	formation	of	dissolved	carbonate	species	(supplementary	361 
information	Eqns	S2‐7)	can	buffer	the	pH	to	7.5‐8,	similar	to	natural	alkaline	soils,	thus	362 
producing	 an	 environment	 less	 hostile	 to	 biological	 colonisation.	 At	 this	 site	 bauxite	363 
residue	treatment	with	gypsum	(in	addition	to	process	sand	and	organic	matter)	resulted	364 





Long	 term	alkalinity	 generation	 and	 sodium	 release	 in	 the	20	 year	old	bauxite	370 




are	 controlled	 by	 the	 solubilities	 of	 secondary	 phases,71	 thus	 it	 is	 inferred	 that	 these	375 
decreases	 in	 feldspathoid	 dissolution	 rate	 are	 linked	 to	 the	 solubilities	 of	 secondary	376 
aluminium	and	silicon	phases.	It	is	reasonable	to	expect	cancrinite	dissolution	kinetics	to	377 
vary	 with	 pH	 in	 a	 similar	 manner	 to	 other	 feldspathoids,	 decreasing	 by	 an	 order	 of	378 




Aqueous	 extracted	 aluminium	 concentrations	 from	 partially	 and	 fully	 treated	383 
bauxite	 residue	 plotted	 as	 a	 function	 of	 pH	 (Fig.	 S3)	 fall	 on	 a	 line	 parallel	 to,	 but	 in	384 
between,	 the	 solubility	 lines	of	 gibbsite	and	Al(OH)3	(am).	This	 is	different	 to	 the	 trend	385 











Rehabilitation	 of	 bauxite	 residue	 disposal	 areas	 by	 vegetation	 using	 the	397 
treatments	described	here	is	a	pH	dependant	processes	with	benefits	extending	20‐30	398 
cm	 beyond	 the	 initial	 treatment	 depth.	 After	 20	 years	 of	 rainwater	 infiltration	 the	399 
alkalinity	 generating	 phases	 have	 not	 been	 exhausted,	 thus	 other	 processes	must	 be	400 
controlling	 residue	neutralisation.	 16	 years	 after	 treatment,	 the	 original	 additives	 are	401 
largely	unobservable,	with	 little	chemical	difference	remaining	from	the	application	of	402 
gypsum.	This	suggests	that	the	development	of	resilient	vegetation	on	bauxite	residue,	403 
along	with	 associated	 rhizosphere	microorganisms,	may	drive	 long	 term	 stability	 and	404 
chemical	 safety	 of	 treated	 bauxite	 residue.	 The	 organic	matter	 applied	 to	 the	 surface	405 




when	 sampling	 but	 heterogeneously	 distributed	 and	 undetectable	 mineralogically	 by	410 
XRD	and	chemically	by	XRF.		411 
The	supply	of	H+	ions	to	depth	that	is	driving	pH	neutralisation	in	treated	bauxite	412 
residue	 may	 be	 photosynthetic	 in	 origin.	 This	 can	 occur	 via	 a	 combination	 of	 three	413 
mechanisms:	 (a)	 enhanced	 CO2	 flux	 from	 plant	 roots	 and	 associated	 microorganism	414 
respiration;	 (b)	 organic	 matter	 degradation	 in	 the	 biologically	 active	 surface	 layer,	415 
producing	low	molecular	weight	organic	acids;	and	(c)	secretion	of	low	molecular	weight	416 




bauxite	 residue	 (Fig.	 3).	DNA	 recovery	 is	media	 dependent,	with	particle	 size	 and	pH	421 
potentially	affecting	the	efficiency	of	extraction.	This	uncertainty	may	over	emphasise	the	422 
gradient	of	biological	activity	with	depth,	and	between	treated	and	untreated	samples.	423 
The	 extracted	DNA	 concentrations	 from	 the	 top	12	 cm	of	 treated	bauxite	 residue	 are	424 
within	the	range	of	extracted	DNA	concentrations	from	natural	soils	(very	approximate	425 
soil	DNA	concentrations	range	from	2.5	to	26.9	µg	g‐1).74	DNA	recovery	from	this	site’s	426 
untreated	 bauxite	 residue	 was	 insufficient	 for	 Next‐Generation	 Sequencing,	 however	427 
other	 workers	 have	 shown	 bauxite	 residue	 to	 contain	 alkali	 tolerant	 bacteria.75	428 
Sequenced	DNA	recovered	from	the	root	zone	substrate	of	the	fully	and	partially	treated	429 
bauxite	 residue	 was	 dominated	 by	 the	 phyla	 Acidobacteria,	 Actinobacteria,	430 
Proteobacteria,	 and	 Planctomycetes.	 Natural	 soil	 root	 zone	 or	 rhizosphere	 bacterial	431 
communities	 frequently	 contain	 Actinobacteria,	 Bacteroidetes,	 Firmicutes,	 and	432 
Proteobacteria	 taxa,76–78	 which,	 with	 the	 exception	 of	 Firmicutes,	 are	 present	 in	 our	433 
treated	bauxite	residue	(Figure	S2,	Table	S7).	Many	taxa	of	Acidobacteria	are	known	to	434 
be	tolerant	to	high	pH,	and	show	increasing	relative	abundance	with	increasing	pH	from	435 
5.5	 pH.79–82	 Many	 Planctomycetes	 taxa	 are	 halotolerant,83–87	 existing	 in	 freshwater,	436 
marine,	and	brackish	environments.	The	presence	of	these	phyla	suggests	the	microbial	437 
communities	in	the	fully	and	partially	treated	bauxite	residue	are	in	transition	between	a	438 
highly	 alkaline	 and	 saline	 residue	 microbiome,	 and	 a	 plant	 supported	 subsurface	439 
microbiome.	440 
Surface	 treatment	 with	 process	 sand,	 gypsum,	 and	 organic	 matter	 is	 a	 stable,	441 





alkaline,	 sodium	 rich,	 and	 trace	 metal	 containing	 residue	 at	 depth.	 The	 presence	 of	447 
alkalinity	 generating	 phases	 in	 both	 treated	 plots	 highlights	 the	 importance	 of	448 
maintaining	a	strong	biologically	active	surface	layer.	Were	this	layer	to	be	removed	or	449 
substantially	 disrupted,	 and	 its	 supply	 of	 acid	 neutralising	molecules	 lost,	 the	 system	450 
would	likely	return	to	a	high	pH	steady	state,	with	high	Na,	Al,	V,	and	As	concentrations,	451 
similar	to	those	observed	in	the	untreated	bauxite	residue.	452 
This	 is	 the	 first	 observation	 of	 a	 shallow	 surface	 layer	 of	 actively	 treated	 and	453 
vegetated	 residue	producing	passive	positive	 rehabilitation	effects	 into	deeper	 layers.	454 
This	rehabilitation	is	likely	driven	by	biology	activity	at	the	surface	and	continues	long	455 
after	 the	original	 treatment	 constitutes	 (gypsum,	organic	matter)	have	been	depleted.	456 
Rehabilitation	has	 resulted	 in	 a	physical	 separation	between	deeper	 zones	within	 the	457 
residue	(potentially	containing	high	alkalinity,	sodium,	and	trace	metals)	and	the	bottom	458 
of	 the	 rooted	 zone	 at	 around	20	 cm.	Rehabilitation	decreases	 the	 likelihood	of	 plants	459 
being	 exposed	 to	 the	 negative	 characteristics	 of	 bauxite	 residue,	 and	 lowers	 the	460 
possibility	of	trace	metal	transfer	into	foliage	and	the	wider	ecosystem.	The	benefits	of	461 








and	 longevity	 of	 rehabilitation.	 However,	 16	 years	 after	 application	 there	 are	 no	470 
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Concentrations	 of	 Al,	 V,	 and	 As	 in	 solution	 following	 aqueous	 and	 phosphate	 (PO4)	717 















Fe	Oxyhydroxides	 Al	oxyhydroxides	 Desilication	Products	 Ti	Oxides	 Other	
minerals	Goethite	 Hematite	 Gibbsite	 Boehmite	 Katoite	 Cancrinite	 Sodalite	 Perovskite	α‐FeO(OH)	 Fe2O3	 Al(OH)3	 γ‐AlO(OH)	 Ca3Al2(OH)12 Na6Ca2Al6Si6O24(CO3)2	 Na8Al6Si6O24(OH)2 CaTiO3	
%	 %	 %	 %	 %	 %	 %	 %	 %	
Untreated	 21	 16	 8	 10	 2	 14	 1	 20	 9	
Fully	
Treated	 24	 19	 8	 7	 3	 10	 <	0.5	 20	 9	
Partially	
Treated	 19	 16	 11	 10	 10	 10	 <	0.5	 15	 8	
	731 
	732 
